Disrupted-In-Schizophrenia (DISC1) is a leading candidate schizophrenia susceptibility gene. Here, we describe a deletion variant in mDisc1 specific to the 129S6͞SvEv strain that introduces a termination codon at exon 7, abolishes production of the full-length protein, and impairs working memory performance when transferred to the C57BL͞6J genetic background. Our findings provide insights into how DISC1 variation contributes to schizophrenia susceptibility in humans and the behavioral divergence between 129S6͞SvEv and C57BL͞6J mouse strains and have implications for modeling psychiatric diseases in mice.
S
chizophrenia is a common and genetically complex psychiatric disorder. Several leading candidate susceptibility genes have been identified (1) , including DISC1. The position of this gene was initially pinpointed by a balanced translocation (1;11)(q42.1;q14.3) that was strongly linked to major neuropsychiatric diseases, including schizophrenia, depression, and bipolar disorder in a large Scottish family. The 1q breakpoint involves two genes, DISC1 and DISC2 (a noncoding, presumably regulatory RNA) (2) and truncates DISC1 immediately after exon 8. More recent large-scale linkage and follow-up association studies in families from Finland identified DISC1 as a positional candidate gene from the 1q42 locus (3) . In addition, several polymorphisms in DISC1 were reported to be associated with schizophrenia-related cognitive endophenotypes (4 -6) . Although the function of DISC1 is poorly understood, the gene is expressed the highest during early development, is associated with numerous cytoskeletal proteins, and could be involved in cell migration and neurite outgrowth and could play a role in centrosomal, microtubule and mitochondrial function, as well as in phosphodiesterase signaling (7) (8) (9) .
Results
In the process of a gene targeting experiment at the mDisc1 locus (see Supporting Methods, which is published as supporting information on the PNAS web site), we identified a 25-bp deletion in exon 6 of the 129S6͞SvEv mDisc1 allele. We used RT-PCR of mouse brain RNA from 129S6͞SvEv (Taconic Farms) and C57BL͞6J (The Jackson Laboratory) strains to examine sequences surrounding all mDisc1 exons. We confirmed the 25-bp deletion in exon 6 of 129S6͞SvEv mDisc1 transcript. The deletion was absent in the C57BL͞6J strain ( Fig. 1 a and b) . We also confirmed by direct sequencing the presence of this deletion in genomic DNA isolated from tails of Taconic 129S6͞SvEv mice, as well as from ES cells (data not shown). We therefore conclude that this deletion represents a natural 129S6͞SvEv-specific polymorphism. As a control, we amplified exon 6 from genomic DNA from five other inbred strains (BALB͞cJ, CBA͞J, C3H͞HeJ, DBA͞2J, and AKR͞J strains). We did not detect this deletion variant in any strain (Fig. 1c) , although we found that BALB͞cJ and C3H͞HeJ strains harbor a single, nonconservative (Glu529His) nucleotide polymorphism within the same 25-bp region. The identified 25-bp deletion induces a frameshift in the reading frame, resulting in 13 novel amino acids, followed by a premature stop codon in exon 7 (Fig. 1b) . Both human and mouse genes present a relatively complex pattern of alternative are indicated. Exon 6 was amplified from brain cDNA for the 129S6͞SvEv and C57BL͞6J strains although similar results were obtained from genomic PCR amplification (data not shown). Red arrowhead indicates the splice junction between exons 6 and 7. (c) Chromatograms from sequencing mDisc1 exon 6 in five other mouse strains. Indicated is genomic sequence from mDisc1 exon 6 and surrounding intron 6 in AKR͞J, BALB͞cJ, CBA͞J, C3H͞HeJ, and DBA͞2J strains.
splicing (10) . Nevertheless, RT-PCR amplification (using several sets of primers flanking exon 6) and sequencing of 129S6͞SvEv mouse brain cDNA confirmed that every splice variant detected retains exon 6 (data not shown). Because of the low mDisc1 transcript abundance (10), we used quantitative RT-PCR of brain RNA to estimate full-length transcript levels (Fig. 2a) . We did not detect any decrease in transcript abundance in 129S6͞ SvEv relative to the ''wild-type'' C57BL͞6J strain (Fig. 2a) , suggesting that the mutated transcript escapes nonsensemediated decay (11) .
To investigate the effect of the 129S6͞SvEv exon 6 deletion variant on protein expression levels, we raised a polyclonal antibody against the N-terminal portion of the protein (amino acids 272-537) and performed Western blot analysis in total brain protein extracts from both C57BL͞6J and 129S6͞SvEv strains. We identified several major bands of Ϸ150 kDa, 96 kDa, and 45 kDa in lysates from early postnatal C57BL͞6J mice (Fig.  2b) . Consistent with previous studies (12, 13) , levels of Disc1 seem to be higher during early postnatal neurodevelopment compared with the adult brain, although the exact patterns of protein distribution may differ among studies according to the specificity and avidity of the used antisera. Specifically, the Ϸ96-kDa band, which very likely corresponds to the predicted 92-kDa full-length protein (Fig. 2c) , seems to be developmentally regulated and decreases in intensity in lysates prepared from adult brains. The same band is undetectable in lysates prepared from either early postnatal or adult 129S6͞SvEv brains. The predicted C-terminally truncated protein product (58 kDa) (Fig. 2c) is also not detectable in these lysates. Considering that the full-length mDisc1 transcript can be detected in 129S6͞SvEv mice, these data likely indicate that the truncated protein missing the C-terminal portion is relatively unstable.
To facilitate analysis of the effects of Disc1 deficiency on mouse behavior and cognition, we transferred a modified 129S6͞ SvEv mDisc1 allele (see Supporting Methods and Fig. 4 , which is published as supporting information on the PNAS web site) onto a C57BL͞6J genetic background, employing a marker-assisted selection congenic strategy. The resultant mDisc1-deficient strain retained Ͼ98% of the C57BL͞6J genome after five generations of backcrossing. As expected, the full-length Disc1 protein was absent in total brain lysates from homozygous mice (data not shown), as well as in lysates from purified brain mitochondria, where the protein is thought to be localized (7) (see Fig. 4 ). Gross brain morphology appeared normal in homozygous mutant mice by initial low-resolution histological examination of sections (Fig. 3a) .
Recent association studies in patients with schizophrenia and their unaffected siblings suggest that DISC1 variants might modulate visuospatial working memory, a prefrontal-based endophenotypic trait previously observed to co-vary with genetic liability to schizophrenia (4, 5) . The effect, however, of the implicated DISC1 variants on the function or expression of the gene is unknown. We used the mDisc1-deficient C57BL͞6J mice to investigate whether the potential contribution of DISC1 on prefrontal-based cognitive performance is conserved across species. Specifically, we asked whether mDisc1 deficiency in mice affects spatial working memory performance as assessed in a delayed non-match to place task. The task contingencies used in the present study are designed to engage frontal regions of the rodent neocortex by using retention intervals within the working memory range (5-30 s) and minimizing the intertrial interval to allow for proactive interference, which taxes prefrontal cortical resources (14) . Using these task parameters, the integrity of the frontal cortex is critical (15) but the contribution of frontohippocampal circuitry in similar tasks may also indicate a role for the hippocampus (16) .
C57BL͞6J mice deficient in mDisc1 learned the task and performed as well as WT littermates during training. In the working memory test, however, mDisc1-deficient mice showed a consistent impairment compared with WT littermate controls (F 2,25 ϭ 5.29, P ϭ 0.01; Fig. 3b ) with no evidence for a genotype ϫ sex effect (F 2,22 ϭ 0.16, P ϭ 0.85). This impairment was observed in both heterozygous and homozygous mutant mice, suggesting that the gene is haploinsufficient in relation to this phenotype. This gene-dosage dependent effect of DISC1 on the functional integrity of the prefrontal cortex may contribute to the increased schizophrenia risk in heterozygous carriers of the (1;11)(q42.1;q14.3) translocation. There were no differences among genotypes in the time taken to complete the test (F 2,25 ϭ 0.11, P ϭ 0.89, Fig. 3b ), ruling out any nonspecific motoric or motivational effects. Moreover, in control experiments, we did not detect any significant changes in indices of locomotor activity Fig. 2 . mDisc1 protein levels in the 129S6͞SvEv strain. (a) Stability and abundance of the full-length transcript in the 129S6͞SvEv strain. Transcript levels were estimated by quantitative RT-PCR on total RNA isolated from P10 mouse brain, by using a C-terminal probe. No internal promoter usage has been described at this locus, and therefore this method provides a good indication of the stability and abundance of the full-length transcript in the 129S6͞SvEv strain. C57, C57BL͞6J; 129, 129S6͞SvEv. (b) The effect of the 129S6͞SvEv exon 6 variant on protein expression levels. Shown is Western blot analysis with an antibody raised against the N-terminal region of mDisc1. Three major bands are observed. The Ϸ96-kDa band most likely corresponds to the predicted 92-kDa full-length protein.
The Ϸ45-kDa signal may correspond to a previously described short form variant (NCBI database: NM170596) that includes exons 1-3. The Ϸ150-kDa signal seems independent of the full length protein and may represent a highly stable complex (27) ( Fig. 3c ) nor any genotype-based impairment of prepulse inhibition [indeed, a trend toward higher inhibition in homozygous mice was evident (F 2,25 ϭ 2.46, P ϭ 0.10; Fig. 3d) ].
Discussion
Here, we describe a deletion variant in mDisc1 specific to the 129S6͞SvEv strain that introduces a termination codon at exon 7 and abolishes production of the full-length protein. To facilitate analysis of the effects of Disc1 deficiency on mouse behavior and cognition, we transferred a modified 129S6͞SvEv mDisc1 allele onto a C57BL͞6J genetic background employing a marker-assisted selection congenic strategy. The resultant mDisc1-deficient strain retained Ͼ98% of the C57BL͞6J genome and demonstrated a specific deficit in working memory performance. Our experimental design decreases the probability of contribution in trans of unrelated background genes but does not address the well known ''flanking gene problem'' (17) , which can complicate interpretation of all studies in which genes are ''knocked-out'' by means of homologous recombination. Even after backcrossing the mutant Disc1 allele to the C57BL͞6J strain, the resulting congenic line will still harbor a part of chromosome 8 from the 129S6͞SvEv donor strain that contains a number of flanking genes. Variants of these genes on their own or by interacting with Disc1 could in principle contribute to the observed behavioral performance of the Disc1-deficient strain. Backcrossing to 129S6͞SvEv genetic background (17) is not an option in this case, and homologous recombination in ES cells from C57BL͞6J (18, 19) represents possibly the best way to address this issue in future experiments.
Cognitive impairment has always been regarded as a hallmark feature of schizophrenia. Recently, cognitive dysfunction has been recognized as an enduring core deficit that serves as a strong indicator of specific genetic liability to the disease and a primary target for pharmacotherapy (20, 21) . Individuals with schizophrenia show varying degrees of deficiency in a diverse range of cognitive domains subserved by frontostriatal, hippocampal, and parietal regions (such as working memory, short-term and episodic memory, attention, executive functions, and learning) (20) . In particular, working memory deficits that are attributed primarily to prefrontal dysfunction are considered a cardinal cognitive symptom of schizophrenia (22) . The convergence between behavioral analysis presented here and recent correlative genetic studies in humans supports the notion that deficits in spatial working memory performance are a good indicator of genetic liability to schizophrenia and suggests that impaired function of the DISC1 gene may influence schizophrenia risk, phenotypic expression, or both, in part by affecting the functional integrity of the prefrontal cortex. The effect of DISC1 deficiency, however, may not be exclusive to the frontal cortex. Further analysis of mDisc1-deficient mice will address whether other schizophrenia-related cognitive domains subserved by different anatomical regions are affected as well.
There are two additional implications of our findings. First, our results suggest that the absence of full-length Disc1 protein in 129S6͞SvEv may underscore at least some of the differences in cognitive traits that characterize this strain of mice and distinguish it from the C57BL͞6J strain (23) . Coding variation that results in drastic changes in protein structure (such as premature termina- tion) is expected to play an important role in behavioral divergence between mouse strains, and preliminary estimates predict Ͼ100 premature termination codons in genes of the 129 strains compared with C57BL͞6J (24) . Second, our results have implications for modeling psychiatric disorders in mice. Given that the genetic component of schizophrenia and other major psychiatric disorders involves interaction among several genes (25) , our finding suggests that analysis of targeted orthologs of susceptibility genes in the 129S6͞SvEv background, already compromised in one schizophrenia-related genetic pathway, could increase the penetrance of introduced mutations and reveal features masked in the traditionally used C57BL͞6J background.
Materials and Methods
Protein Extraction and Western Blot Analysis. Total brain tissues from 5-, 10-, and 60-day-old mice were homogenized in 25 mM Tris, 125 mM sodium chloride, 1% Triton X-100, and Complete Proteinase Inhibitor (Roche Applied Science). Samples were adjusted to 7 g of total protein. Western blotting was performed by using 4-12% gradient NuPage gels (Invitrogen) and purified serum IgG from rabbits injected with the purified N-terminal (amino acids 272-537) mDisc1 peptide.
Quantitative Real-Time RT-PCR. mRNA expression levels were quantified by using real-time RT-PCR analysis on an ABI Prism 7900 sequence-detection system (PE Applied Biosystems). The quantitative real-time PCR was performed in a volume of 25 l with 500 ng of cDNA in the universal master mix (Qiagen, Valencia, CA), 400-900 nM primers (Sigma Genosys), and 200 nM fluorogenic internal probe (Applied Biosystems). Samples were heated for 2 min at 50°C and for 10 min at 95°C and were amplified for 40 cycles of 15 s at 95°C and 1 min at 60°C. A serial dilution of cDNA derived from mouse brain total RNA (BD Biosciences) was amplified in parallel as a control to verify amplification efficiency within each experiment. Relative mRNA expression levels of the gene of interest for each sample were directly normalized for input RNA against ␤-actin expression. All experiments were performed in triplicate. Data are given as mean Ϯ SEM, and the comparisons between the two experimental groups are made by standard Student's t tests. Primer sequences are as follows: TaqMan probe, 6FAM-ACGCCGCCCACAAAACACGC-MGBNFQ; forward primer, 5Ј-GAACAGCAGAAGGCTGGGC-3Ј; reverse primer, 5Ј-GACCTTCCAACACTTCCATGC-3Ј). The analysis was done by Applied Biosystems SDS 2.2 software.
Primary Antibody. Rabbit polyclonal antibody was raised against a purified N-terminal region of mDisc1 (amino acids 272-537) that was fused to GST and expressed in bacteria, by using standard procedures. The antiserum was affinity purified, and its specificity was determined by Western blot analysis on bacterial extracts, by using the preimmune serum as a control.
Behavioral Analysis. To assess working memory, a delayed nonmatch to place task was used as described (15) . Briefly, 6-to 8-week-old WT (n ϭ 10), heterozygous (n ϭ 10), and homozygous (n ϭ 9) mice, with approximately equal male͞female representation, were food-restricted to 80% of their free body weight, followed by 3 days of habituation to the maze. Then, 2 days of forced alternation followed in which only the left or right arm was open, followed by the opposite arm. On each subsequent day of training, a pseudorandom sequence of 10 left or right turns was chosen (e.g., LRLLRLRRLR). The mice were given a forced run (the sample) to one arm and then, after a 5-s delay, given access to the original and opposite arm (the non-match) with an intertrial interval of 40 s. Correct choices were reinforced with food reward at the end of the correct arm. After mice made at least 70% correct choices on 3 consecutive days, the testing phase began. In this case, delays of 5, 15, or 30 s were randomly introduced between the sample run and choice run. Mice were given 4 trials of each delay on 3 days of testing for a total of 12 trials for each delay.
Spontaneous locomotion and sensorimotor gating were assessed as described (25) in WT (n ϭ 13), heterozygous (n ϭ 14), and homozygous (n ϭ 9) mice. For locomotion, data were collected every minute for 30 min, and 10 measures were analyzed, including distance traveled in the margin and center of the open field, vertical and horizontal repetitive movements, and the number of rearings. For sensorimotor gating, prepulse inhibition was assessed with prepulse intensities of 78, 82, and 90 dB. All data were analyzed with repeated measures or one-way ANOVA with genotype as the factor.
Histological Analysis. Mice were transcardially perfused with ice-cold PBS and 4% paraformaldehyde (PFA). Brains were rapidly dissected out, equilibrated in sucrose, and quickly frozen in Tissue-Tek O.C.T (Sakura Finetek, Torrance, CA). Cryostat (20 mm) sections were air-dried and stained with cresyl violet by using a modified method described in ref. 26 .
Mitochondria Isolation. Prefrontal cortex and hippocampus from P6 mDisc1-deficient1 mice and their WT littermates were rapidly dissected out and homogenized in ice-cold PBS using a Dounce homogenizer. Mitochondria were isolated by using the Mitochondria Isolation Kit for Tissue from Pierce, according to the instructions of the manufacturer. The mitochondrial pellet was boiled in loading buffer, and Western blotting was performed by using 4-12% gradient NuPage gels (Invitrogen) and purified serum IgG from rabbits injected with the purified N-terminal (amino acids 272-537) mDisc1 peptide (1:1,000). Prohibitin was detected with rabbit anti-prohibitin (1:2,000; Abcam, Cambridge, MA). 
Supporting Methods
A Modified 129S6/SvEv DISC1 Locus. The original goal of our targeting design was to mimic the translocation observed in the Scottish family by facilitating generation of a truncated DISC1 transcript and protein while, at the same time, preventing induction of nonsense mediated decay (1) (see Fig. 4 ). To this end, we used publicly available C57BL/6J sequence (http://genome.ucsc.edu/ or www.ensembl.org) to assemble a DISC1-targeting vector based on the pACN vector with a selfexcised neo cassette controlled by testis-specific promoter (2), which was further modified to include a bovine growth hormone polyadenylation signal preceding the neo cassette. Short and long arms were generated via genomic PCR amplification from a mouse BAC encompassing part of the mDisc1 locus, using the High Fidelity Enzyme kit (Roche). Overall, our manipulation, outlined in Fig.   4a , resulted in the introduction of an artificial stop codon at the end of exon 8 of the native gene and an artificial polyadenylation signal following exon 8. The linearized targeting vector was electroporated into 129S6/SvEv ES cells, and several positive clones were identified using a combination of PCR and Southern blot-based screening. Positive clones were injected into C57BL/6J blastocysts to produce chimeric male mice and eventually obtain germ-line transmission, excision of the neo gene (Fig. 4b) , and generation of a polyadenylated truncated transcript, as confirmed by RT-PCR on polyadenylated brain RNA fraction (Fig. 4c) . In the process of checking the integrity and expression of the targeted allele, we identified the 129S6/SvEv-specific deletion on exon 6, an exon not included in our targeting vector (Fig. 4a Top) . Therefore, although the modified allele (Fig. 4a Bottom) encompasses successfully all of the features of our original design, presence of the deletion in exon 6 and the resultant premature termination in exon 7 are expected to take precedence over and override the effect of the artificial premature termination codon in the adjacent exon 8. This result is reflected in the protein analysis in Western blots from brain extracts. This modified 129S6/SvEv allele was transferred into C57BL/6J genetic background employing a marker-assisted selection protocol/speedy congenic strategy with a set of 104 markers. 
